Background: Genetic, biologic and clinical data suggest that Parkinson's disease (PD) is an umbrella for multiple disorders with clinical and pathological overlap, yet with different underlying mechanisms. To better understand these and to move towards neuroprotective treatment, we have established the Quebec Parkinson Network (QPN) , an open-access patient registry, and data and bio-samples repository. Objective: To present the QPN and to perform preliminary analysis of the QPN data. Methods: A total of 1,070 consecutively recruited PD patients were included in the analysis. Demographic and clinical data were analyzed, including comparisons between males and females, PD patients with and without RBD, and stratified analyses comparing early and late-onset PD and different age groups. Results: QPN patients exhibit a male:female ratio of 1.8:1, an average age-at-onset of 58.6 years, an age-at-diagnosis of 60.4 years, and average disease duration of 8.9 years. REM-sleep behavior disorder (RBD) was more common among men, and RBD was associated with other motor and non-motor symptoms including dyskinesia, fluctuations, postural hypotension and hallucinations. Older patients had significantly higher rates of constipation and cognitive impairment, and longer disease duration was associated with higher rates of dyskinesia, fluctuations, freezing of gait, falls, hallucinations and cognitive impairment. Since QPN's creation, over 60 studies and 30 publications have included patients and data from the QPN. Conclusions: The QPN cohort displays typical PD demographics and clinical features. These data are open-access upon application (http://rpq-qpn.ca/en/), and will soon include genetic, imaging and bio-samples. We encourage clinicians and researchers to perform studies using these resources.
INTRODUCTION
Parkinson's disease (PD) is a common neurodegenerative, age-related movement disorder with a prevalence of 1-2% in individuals older than 60 years of age [1] . As the world's population ages, the number of PD patients and its burden are projected to dramatically increase in the next decades [2] . The etiology of PD is complex, and includes environmental, genetic and aging-related factors [3] . Furthermore, various genetic, biologic and clinical data suggest that PD is in fact not a single disease, but an umbrella for multiple disorders with clinical and pathological overlap, yet likely with different underlying biological mechanisms. For example, PD patients with GBA mutations (GBA-PD) and PD patients with LRRK2 mutations (LRRK2-PD) may represent distinct subtypes of PD, in which the typical clinical course and the underlying mechanisms may be different [4] [5] [6] [7] . Accordingly, future treatment will likely be directed towards the specific mutations and mechanisms in each of these forms of PD [8] . Similarly, clustering based on clinical variables have demonstrated that clinical subtypes can be distinguished based on baseline symptoms that predict the clinical outcome of PD [9, 10] . A better understanding of this disease and its underlying mechanisms are critical at this point if we wish to identify efficient neuroprotective or neurorestorative treatments.
Recent initiatives, such as the Parkinson's Progression Marker Initiative (PPMI) and other similar cohorts have emerged [11] , to better define and understand PD and its subtypes, identify reliable biomarkers and consequently accelerate therapeutic development. Herein, we present a preliminary analysis of the Quebec Parkinson Network (QPN) patient registry; a longitudinal cohort comprised of individuals with PD recruited in the province of Quebec, Canada. The registry is continuously updated with longitudinal follow-up information and with newly recruited patients. Available information includes demographic data such as age, sex, mother tongue, level of education, smoking status, coffee consumption, as well as clinical data such as presenting and current motor symptoms, non-motor symptoms, Hoehn and Yahr stage, medications. Genetics, imaging and additional clinical measures are currently being collected and will be added soon. This is an open-access cohort, which allows clinicians and researchers, upon application, to access patient data, imaging and samples, in accordance with the open access policy of the Montreal Neurological Institute (MNI) Tanenbaum Open Science Institute (TOSI) [12] . Herein, we present preliminary data analysis from the QPN, and introduce the upcoming Canadian Open Parkinson's Network (C-OPN), a patient registry inspired by the QPN model that will recruit patients across all Canadian provinces.
METHODS

Population and data collection
At the time of collecting the data for this paper (January 2019), a total of 1,070 PD patients were enrolled into the QPN and analysis is presented on this cohort of 1,070 patients. However, enrolment is ongoing, with a total of >1,400 patients recruited by August 2019 at the time of completing the first draft of this manuscript. All patients were diagnosed by a movement disorder specialist in the province of Quebec according to the MDS criteria or previously published criteria for patients who were recruited before the publication of the MDS criteria [13] . We included here all the patients, i.e., clinically established and clinically probable based on the MDS criteria, and PD patients diagnosed using previous criteria such as the UK Brain Bank criteria. Patients recruited through the QPN Participant Registry are automatically given the option to be included in the Neuro Open Science Clinical Biologic Imaging and Genetic Repository (NeurO C-BIGR), a multi-modal bio-repository of the MNI (https://www.mcgill.ca/c-bigneuro/). The workflow of this process is depicted in Fig. 1 . The objective of this ongoing project is to collect blood from all participants in the registry for genotyping/sequencing and for the generation of patient-specific induced pluripotent stem cell (iPSC) lines. In addition, during the first phase of the QPN, 200 of these participants will also undergo magnetoencephalography (MEG), MRI, a neuropsychological evaluation, a motor evaluation, and provide a recorded speech sample.
All patients recruited through the QPN have signed an informed consent form at enrollment, and the study protocol was approved by the institutional research ethics board.
Statistical analysis
Data are presented as percentages for categorical variables or as averages ± standard deviation (SD) for continuous variables. To compare frequencies of categorical variables, either χ 2 test or Fisher Exact test were used. If adjustment for covariates was required, binary logistic regression models were used. To compare continuous variables, T-test or analysis of variance (ANOVA) were used, and when adjustment for covariates was required, we used linear regression models.
Sub-group and stratified analyses were performed to examine different correlations between sub-groups and PD demographic and clinical characteristics. These included sex-stratified analysis (including 691 males and 379 females), PD patients with and without probable rapid eye movement (REM) sleep behavior disorder (RBD), determined by the validated RBD1Q [14] (PD+RBD, n = 381, PD-RBD, n = 570, respectively), stratification by age groups (0-50 years, n = 45, 51-60 years, n = 171, 61-70 years, n = 371, 71-80 years, n = 362, and >80 years, n = 107), disease duration (0-5 years, n = 194), 6-10 years, n = 163, and >10 years, n = 159) and early-onset PD (EOPD, defined as age at onset [AAO] under 50 years, n = 108) vs late-onset PD (LOPD, 50 years or above, n = 410). Bonferroni correction for multiple comparisons was performed as required. All statistical analyses were performed using SPSS 23.0 (IBM Inc.). Supplementary  Tables 2 and 3 include more detailed data on the main Fig. 2 . Key demographic characteristics of patients in the Quebec Parkinson Network cohort. Data are presented for the 1070 patients with PD, except the following for which data were not available for all patients: age (n = 1056) and coffee consumption (n = 985). Family history of PD refers to having a mother, father, sibling, child, or other relation (uncle, aunt, cousin, niece, or nephew) with PD or PD-related disorder. Coffee consumption refers to current coffee drinkers and does not include former coffee drinkers. A history of smoking refers to current and former smokers. demographic and clinical variables. This cohort is typical of other PD tertiary and academic centers' patient cohorts, with a male:female ratio of about 1.8:1, average AAO of 58.6 ± 11.3 years (available data for n = 518), age at diagnosis of 60.4 ± 11.0 years (available data for n = 921) and average current age of 68.5 ± 9.8 years (available data for n = 1056). The average disease duration is 8.9 ± 6.8 years (available data for n = 516), with an average Hoehn & Yahr score of 2.35 ± 0.88 (available data for n = 637). Of the 518 patients for whom data on AAO was available, 108 (20.9%) had EOPD. Supplementary Table 3 details other motor and non-motor clinical characteristics of the QPN cohort, such as probable RBD (reported in 40.1% of patients with available data, n = 951), self-reported dyskinesia (47.2%, available data for n = 835) and freezing of gait (16.2%, available data for n = 1070). Non-motor symptoms are particularly prevalent, with self-reported anxiety being the most common (56.9%, available data for n = 865).
RESULTS
Demographic and clinical characteristics of patients in the Quebec Parkinson Network
Sex differences in the clinical presentation of PD
To examine whether specific clinical characteristics were associated with sex, we performed a sex-stratified analysis comparing male (n = 691) and female (n = 379) patients with PD ( Table 2 ). There were no statistically significant differences in age, AAO, age at diagnosis, time to diagnosis, and Hoehn & Yahr stage between male and female patients. Female patients had a longer disease duration than males, with nominal significance (9.71 ± 7.58 years vs 8.43 ± 6.23 years, respectively, p = 0.047). The difference was not statistically significant after correction for multiple comparisons or after adjustment for age of onset, which was younger in females, although not statistically significant (57.45 ± 12.03 years vs 59.24 ± 10.73 years, respectively, p = 0.08).
When compared to male patients, tremor, postural hypotension, anxiety, dyskinesia and asymmetry of symptoms were more prevalent in females ( Table 2) . None of these associations were statistically significant after correction for multiple comparisons (Bonferroni-corrected p value of 0.0025) or after adjustment for disease duration, except for dyskinesia which remained statistically significant after age and/or disease duration adjustment, but not after Bonferroni correction. The only association that remained statistically significant after both Bonferroni correction and adjustment for age and/or disease duration was probable RBD, which was more common in males (44.2% vs 32.7%, p < 0.001). There were no Fig. 3 . Key clinical characteristics of patients in the Quebec Parkinson Network cohort. Data are presented for the 1070 patients with PD, except the following for which data were not available for all patients: age at symptom onset (n = 518), age at diagnosis (n = 921), modified Hoehn and Yahr stage (n = 637), postural instability (n = 697), tremor as presenting symptom (n = 863), rigidity as presenting symptom (n = 748), bradykinesia as presenting symptom (n = 787), and postural instability as presenting symptom (n = 724). statistically significant differences in the prevalence of presenting symptoms (symptoms reported by the patients at the onset of the diseases) between male and female patients.
Comparison between PD with and without probable RBD
Since it was previously reported that RBD may represent specific subtypes of PD [15] , we compared PD+RBD (n = 381) patients to PD-RBD (n = 570) patients. Table 3 details the results of the analysis. After Bonferroni correction for multiple comparisons (set the cut-of p value on 0.0028) and after adjustment for sex and disease duration, higher frequencies of dyskinesia, fluctuations, postural hypotension and hallucinations were associated with PD+RBD (Table 3) . Constipation remained nominally more common in PD+RBD after correction for sex and disease duration but not statistically significant after Bonferroni correction.
Analysis of symptoms by age groups and disease duration
To examine whether specific symptoms are associated with age groups and disease duration, we performed the following analyses: a) Comparison between EOPD (n = 108) and LOPD (n = 410, Table 4 ); b) Comparison by current age groups (see Methods for details, Supplementary Table 4 ); and c) Comparison by disease duration (<5 years, n = 194; 6-10 years, n = 163;>10 years, n = 159, Supplementary Table 5 ).
Patients with EOPD had a higher rate of dyskinesia compared to LOPD (53.9% vs 32.4%, respectively, p < 0.001, statistically significant after Bonferroni correction for multiple comparisons), as well as fluctuations (46.9% vs 30.9%, p = 0.003, not statistically significant after Bonferroni correction) and falls (23.1% vs 15.1%, p = 0.047, not statistically significant after Bonferroni correction). The frequency of postural instability was higher among LOPD compared to EOPD (24.9% and 15.0%, respectively, Supplementary Table 4 ), and cognitive impairment (p < 0.001), which remained statistically significant after adjustment for disease duration and after Bonferroni correction for multiple comparisons. Longer disease duration was associated with higher rates of dyskinesia (p < 0.001, Supplementary Table 5 ), fluctuations (p = 0.001), freezing of gait (p < 0.001), falls (p < 0.001), hallucinations (p < 0.001) and cognitive impairment (p < 0.001), all statistically significant after adjustment for age, age at onset and sex, and after correction for multiple comparisons.
DISCUSSION
The Quebec Parkinson Network cohort as an open-access, representative PD cohort
Our preliminary analyses demonstrate that the QPN cohort is a typical, representative PD cohort from tertiary and academic centers, comparable to previous reports describing different clinical and epidemiological characteristics and correlations within similar PD cohorts. For example, the QPN cohort's epidemiological characteristics such as sex distribution, age at onset, diagnosis and enrollment are in line with previously published cohorts [16] [17] [18] . The associations between different clinical variables (e.g., disease duration and cognitive decline [19, 20] , RBD and hallucinations [21, 22] , etc.) further exemplify that this cohort is typical for academic centers. Of note, since now web-based recruitment to QPN is available, almost one-third of QPN patients are from community-based clinics. However, availability of web access and knowledge may also somewhat bias the recruitment. Another limitation is that data collected by questionnaire and from patients' medical files (when accessible) may be less accurate.
The QPN (http://rpq-qpn.ca/en/) collects data and samples through 4 main channels: the QPN Questionnaire (see Supplementary Material) , medical records of patients enrolled in the QPN Participant Registry, research projects facilitated by the QPN (described later), and the NeurO C-BIGR (see Methods). In addition, other data are being collected for all patients, or in some cases for subgroups of patients, such as genetic, imaging, neuropsychological and neuropsychiatric data etc. Genetic data are being collected from all patients for whom DNA is available (currently >800 patients, out of >1,200 patients that have been enrolled by the completion of this paper), including genotyping using a custom single nucleotide polymorphism (SNP) array with >700,000 SNPs (Backbone of the OmniExpress array with custom content of the NeuroX SNP-chop, Illumina, Inc.), and targeted next generation sequencing of ∼50 PD-related genes, including GBA, LRRK2, SNCA, MAPT and others [23] [24] [25] . For a large number of patients (currently 400), peripheral blood mononuclear cells (PBMCs) are being collected, and iPSCs and neuronal models are being generated by the MNI-iPSC platform (https://mniopenresearch.org/articles/3-1) for specific studies as required. These data and bio-samples are being made available by applying for specific research projects through the QPN website and obtaining approval from the QPN scientific committee and the tissue and data committee of the Neuro C-BIGR. The success of our model may encourage funding of similar initiative, preferably in underrepresented parts of the world where clinical and genetic data on PD patients are less available.
Initiating studies with the Quebec Parkinson Network data and samples
The QPN has three main research axes: 1) Clinical and Treatment Research, 2) Non-Motor Symptoms, and 3) Molecular and Cellular Biology. Since its creation in June 2013, the QPN has supported more than 60 research projects involving participants from the registry, leading to more than 30 peer-reviewed publications to date. QPN-facilitated research projects are initiated when an investigator requests to use the registry, to access existing data or to enroll QPN patients for their study and collect additional data or samples for their study. The QPN selects patients from the registry for participation in the study based on the inclusion and exclusion criteria provided by the investigator. If the investigator approves inclusion of the participant in their study, they may contact the participant. An initial contact form, indicating whether or not the participant will be included in the study, is submitted by the investigator to the QPN and this information is documented by the QPN for each participant. Participants who are not included in the study remain eligible to be selected for other studies. Participants may be involved in several studies simultaneously; however, the QPN ensures that participants already taking part in a study are not selected for another study deemed incompatible with the first. In this way, the registry provides access to patients for investigators conducting research in PD. As the QPN Participant Registry continues to grow, the QPN is consolidating data collected through the questionnaire, patient medical records, and QPNfacilitated research studies, such as NeurO C-BIGR, in a centralized, open-access database (LORIS [Longitudinal Online Research and Imaging System]) [26] [27] [28] . All epidemiological, clinical, neuroimaging, neuropsychological, and biological data will then be made publicly accessible to promote data sharing throughout the PD research community, ultimately leading to new research projects and analyses. Applications for data and for new studies can be made through the QPN website (http://rpq-qpn.ca/en/).
Recent studies and trials facilitated by the Quebec Parkinson Network
A number of recently published studies using QPN patients in the Clinical and Treatment Research axis have investigated wearable movement detection technology that would allow neurologists to monitor patients beyond the clinic. Data collected from inertial measurement units (IMUs) worn by patients with PD were used to assess motor symptoms including tremor, bradykinesia, and freezing of gait, as well as drug-induced dyskinesia [29] . Using this inertial sensor technology, algorithms were developed that can detect and segment movements in patients performing a Timed Up and Go task [30] or carrying out activities of daily living in a simulated living space [31] . IMU data were also used to identify a turning signature that discriminates between older-age adults and older-age patients with PD, as well as between patients in ON and OFF medication states [32] . The algorithms are currently being tested in a smartphone app that will be used to detect and measure tremor and bradykinesia in a QPN-supported project.
Of importance to advancing treatment for patients with PD and PD-related disorders, the QPN has assisted with participant recruitment for 2 ongoing clinical trials. The MOVES-PD trial is a phase II global study to assess the dynamics, efficacy, and safety of GZ/SAR402671 (Genzyme/Sanofi), a small molecule inhibitor of glucosylceramide synthase [33] , in patients with early-stage PD who carry a mutation in the gene encoding glucocerebrosidase (GBA) (NCT02906020). A second trial is assessing the efficacy, safety, tolerability, and pharmacokinetics of ABBV-8E12 (AbbVie), a humanized anti-Tau antibody [34] , in patients with progressive supranuclear palsy (PSP), an atypical parkinsonian syndrome (NCT02985879).
The second QPN research axis focuses on the non-motor symptoms of PD through the use of neuroimaging and neuropsychological evaluations. Several published studies have identified potential predictors of specific non-motor symptoms, including depressive symptoms, cognitive impairment, and dementia. The severity of depressive symptoms in non-demented patients with PD was shown to be associated with higher dosages of levodopa [35] and with higher rates of cortical thinning [36] . Cognitive deficits in patients with PD were correlated with RBD [37] , a longer history of hypertension and higher pulse pressure [38] , and a history of smoking [39] . A study of dementia in patients with PD identified age, male sex, baseline RBD, orthostatic hypotension, and mild cognitive impairment (MCI) as significant predictors of dementia, and the co-existence of RBD, MCI, and orthostatic hypotension at baseline was found to be the strongest determinant for the development of dementia [40] . A recent study suggested that transcranial magnetic stimulation may improve cognition in PD patients [41] . Ongoing projects in this research axis are continuing to investigate cognitive function in patients with PD, as well as auditory, speech, and olfactory functions.
The third QPN research axis is Molecular and Cellular Biology. The majority of publications from this axis are studies on the genetics of PD. Targeted next generation sequencing of candidate genes in patients with PD and healthy controls has supported roles for specific genetic variants in the pathogenesis of the disease, such as variants in GCH1 [42] , MAPT [23] , and SMPD1 [43] , and demonstrated lack of association with other genes [44] [45] [46] . Furthermore, recruiting patients from the QPN Participant Registry provides an opportunity to access a large number of patients who are of French-Canadian ancestry, which was critical for the recent identification of a founder mutation in the GBA gene in French-Canadian patients with PD or RBD [25] . Genome-wide association study (GWAS) data from QPN patients have also been used for recent largescale genetic analyses of mitochondria-related genes and GWAS of AAO in PD [47, 48] . The GWAS data are currently being used to accurately determine the ancestry of all participants, and these data will be made available for the users of QPN data. Ongoing projects in this axis aim to identify novel genetic determinants of PD and PD-related disorders, and to study genetic models in dopaminergic neurons and midbrain organoids derived from QPN PD patients. Second, C-OPN will set up an anonymized database for neuropsychological information, imaging data, and second-generation wearable device data. Third, C-OPN will store biological samples in an open biorepository from which genetic and cellular samples and data will be processed, curated, and made available to the scientific community in Canada and beyond. The goals of C-OPN are to find new technological platforms for imaging and wearable data, identify biomarkers and platforms for drug discovery, and ultimately develop novel stratification methods based on multidimensional data to better predict disease trajectory and inform treatment strategies for PD.
Future directions and the Canadian Open
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